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Summary 

There  would  be  great  interest  in  finding  a test  which 
predicts  individual  susceptibility  to  permanent  threshold 
shift.  Such  test  would  allow  identification  of  people 
who  are  most  likely  to  suffer  hearing  damage  in  high 
noise  areas  and  thereby  reduce  the  number  of  people 
presenting  NIHL. 

Considering  the  consequences  of  NIHL  for  the  health  of 
the  soldiers,  the  cost  of  the  treatments,  the  operational 
and  compensation  costs  induced  by  NIHL,  it  is  necessary 
to  assess  the  actual  efficiency  of  the  present  medical 
treatments  of  the  acoustic  trauma.  Preliminary  results 
indicate  that  some  treatments  speed  up  the  recovery  and 
correspond  to  lower  threshold  shifts  and  smaller 
morphological  damages.  Moreover,  experiments  are  in 
progress  to  assess  the  interest  of  new  treatments  applied 
directly  to  the  inner  ear. 

Individual  Susceptibility  to  NIHL 

1.  Introduction 

It  has  long  been  agreed  that  there  would  be  great  interest 
in  finding  a test  which  predicts  individual  susceptibility 
to  permanent  threshold  shift  (PTS).  Thirty-five  years 
ago,  Ward  [1]  analyzed  about  20  proposed  tests  of 
individual  susceptibility,  and  found  none  of  them  good 
enough  to  be  useful.  Since  that  time,  many  other 
publications  on  this  subject  have  appeared.  Most  of  the 
procedures  were  described  by  Howell  [2]  and  Buck  and 
Franke  [3], 

The  proposed  tests  can  be  divided  into  two  major  groups, 
nonauditory  and  auditory. 

2.  Nonauditory  tests 

Bonaccorsi  [4]  showed,  in  men  and  guinea  pigs,  that  a 
correlation  exists  between  the  concentration  of  melanin 
in  the  stria  vascularis  and  susceptibility  to  noise.  Because 
the  concentration  of  melanin  in  the  iris  of  the  eye  is 
positively  correlated  with  the  concentration  in  the  stria 
vascularis,  it  follows  that  dark  eyes  are  correlated  with 
low  noise  susceptibility. 

It  has  also  been  proposed  that  there  is  a correlation 
between  general  health  condition  and  susceptibility. 
Different  studies  [5,6]  indicate  that  good  cardiovascular 
function  (i.e.,  low  blood  viscosity,  low  rate  of  blood 
platelets  aggregate,  low  rate  of  cholesterol...)  decreases 
the  risk  of  hearing  loss. 


Overall,  however,  the  relationship  between  nonauditory 
factors  and  susceptibility  is  sufficiently  weak  that  they  do 
not  seem  to  offer  a basis  for  an  effective  susceptibility 
test. 

3.  Auditory  tests 

There  are  a very  large  number  of  proposed  tests,  almost 
all  of  them  using  some  procedure  to  determine  the 
sensitivity  to  temporary  threshold  shift  (TTS). 

Carhart  [7]  proposed  the  “Threshold  of  Distorsion  Test” 
as  an  index  of  susceptibility  to  TTS.  This  test  used  the 
level  at  which  pure  tone  nonlinear  combination  tones 
could  be  heard.  The  “Threshold  of  Octave  Masking 
Effect”  proposed  by  Humes  et  al.  [8]  is  based  on  a 
similar  principle.  The  “Loudness  Discrimination  Index”, 
which  is  based  on  recruitment  (usually  observed  after  a 
subject  is  exposed  to  intense  noise),  was  proposed  as  an 
early  indicator  for  TTS  [9].  Pederson  [10,11]  showed 
that  changes  in  the  cochlea  due  to  intense  noise  alter  the 
slope  of  the  temporal  integration  function.  Thus,  Humes 

[12]  proposed  that  “Brief  Tone  Audiometry”  might  be  an 
indicator  of  susceptibility.  Humes  [12]  also  proposed 
that  “Speech  Discrimination  in  Noise”  might  be  used  to 
detect  “fragile”  ears  because  frequency  integration  in  the 
ear  might  be  affected  long  before  any  TTS  could  be 
detected. 

Some  authors  tried' to  establish  a correlation  between  the 
threshold  of  audibility  and  the  susceptibility  to  noise 

[13] .  In  normal  hearing  subjects,  thresholds  are  partly 
determined  by  the  performance  of  the  transfer  function 
of  the  outer  and  the  middle  ears.  Therefore,  low 
thresholds  could  indicate  that  a large  amount  of  acoustic 
energy  is  transmitted  to  the  inner  ear  [14].  Measurement 
of  the  “Middle-Ear  Acoustic  Reflex”,  which  modulates 
the  transmission  of  the  acoustic  energy  to  the  inner  ear, 
has  also  been  suggested  as  a test  of  susceptibility  [15].  It 
has  been  proposed  that  reflex  latency,  rise  time  and  fall 
time  could  give  an  indication  of  sensitivity  to  TTS.  On 
another  hand,  as  medial  olivocochlear  efferents 
connected  to  the  outer  hair  cells  might  protect  the 
cochlea  against  the  damaging  effects  of  intense  sound 
exposure  [16,  17],  the  possibility  to  assess  the 
interindividual  susceptibility  from  the  measurement  of 
the  “Inner-Ear  Acoustic  Reflex(es)”  when  stimulating 
the  ipsilateral  and/or  the  contralateral  ear  exists,  even  if 
controversial  [18], 

All  the  auditory  tests  purport  to  predict  individual 
susceptibility  to  TTS,  but  not  to  PTS.  In  fact,  most  of  the 
tests  deals  with  TTS  in  humans,  and  there  is  no  ethical 
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way  to  induce  a PTS  in  humans  for  experimental 
purposes.  So  the  problem  for  all  tests  is  that  there  must 
be  a correlation  between  sensitivity  to  TTS  and 
sensitivity  to  PTS  if  they  are  to  have  any  practical  value. 
Temkin  [19]  in  1933,  first  stated  the  hypothesis  that 
there  should  be  some  relationship  between  TTS  and  PTS. 
In  the  intervening  years,  discussion  has  gone  on  and 
there  is  still  no  definite  answer  as  to  whether  this 
relationship  exists  or  not.  Bums  and  Robinson  [20] 
measured  the  PTS  acquired  during  a worker’s  previous 
employment  and  compared  it  to  the  TTS  acquired  during 
one  working  day.  They  reported  that  the  group  of 
workers  which  showed  a lower  initial  hearing  sensitivity 
developed  less  TTS  at  the  end  of  the  working  day.  They 
also  concluded  “that  a higher  susceptibility  to  TTS  tends 
to  be  associated  with  higher  susceptibility  to 
occupational  hearing  loss,  and  vice  versa”.  However, 
there  is  considerable  uncertainty  with  respect  to  the 
hearing  thresholds  before  the  work  experience,  which 
makes  it  difficult  to  interpret  these  findings 
unequivocally.  Using  the  data  of  Richartz  [21],  Kraak 
[22,23]  reported  a close  relationship  between  TTS 
integrated  over  time  (ITTS)  and  PTS.  This  approach 
correlates  the  growth  and  the  recovery  of  ITTS  for  a four 
hour  exposure  with  the  PTS  due  to  about  one  year 
exposure  to  the  same  noise.  Although  there  are  some 
methodological  questions,  this  method  shows  a 
surprisingly  good  correlation  between  TTS  and  PTS. 
Kryter  et  al.  [24]  postulated  that  the  TTS  observed  after 
one  working  day  should  approximate  the  amount  of  PTS 
after  ten  years  work  in  the  same  environment.  However, 
these  data  are  mean  data  for  groups  and  are  not 
applicable  to  the  prediction  of  individual  susceptibility. 
Jerger  and  Carhart  [25]  exposed  subjects  to  3 kHz  tones 
at  100  dB  for  60  seconds  and  then  measured  the  time  it 
took  threshold  at  4.5  kHz  to  return  within  20  and  10  dB 
of  pre-exposure  levels.  The  subjects  then  took  a course 
on  jet-engine  maintenance  where  they  were  regularly 
subjected  to  intense  noise  exposure.  Eight  weeks  after 
the  exposure,  PTS  was  measured.  Their  results  suggest 
that  subjects  with  a longer  recovery  time  for  TTS  are 
more  susceptible  to  PTS.  Although  there  is  a trend  in 
their  data,  the  large  scatter  shows  that  recovery  time  is 
not  highly  correlated  with  susceptibility  to  PTS.  Pfander 
[26]  did  a study  in  which  100  soldiers  were  exposed  to 
three  different  types  of  noise  (two  white  noises  and 
gunshots).  The  five  soldiers  who  showed  the  slowest 
recovery  from  the  gunshot  also  showed  PTS  at  the  end  of 
the  shooting  training.  Therefore,  he  suggested  that  the 
recovery  time  or  TTS  might  be  the  factor  characterizing 
susceptibility  to  noise. 

The  foregoing  tests  show  some  relationship  between 
TTS  (or  related  factors)  and  PTS.  Unfortunately,  for  the 
most  part  they  were  designed  to  show  the  correlation  for 
groups,  rather  than  for  individuals.  It  is  possible  that  a 
test  of  susceptibility  to  PTS  based  on  TTS  measures  may 
also  work  very  well  for  individuals.  The  literature  gives 
no  direct  answer  to  this  issue,  but  rather  a lot  of 
inconsistencies.  Therefore,  some  authors  [3]  decided  to 


evaluate  whether  it  was  possible  to  find  some  correlation 
between  TTS  (or  related  parameters)  and  susceptibility  to 
PTS  for  at  least  one  case. 

Because  of  ethical  problems,  these  experiments  were 
performed  on  animals  (guinea  pigs).  Animals  were 
exposed  to  a 1 /3  octave  band  noise  of  moderate  level  and 
TTS  of  about  25  dB  were  measured  (phase  I).  One  week 
later  (after  complete  recovery),  the  same  animals  were 
exposed  to  the  same  noise  at  a much  higher  level.  PTS 
were  produced  and  measured  up  to  40-60  days  post- 
exposure (Phase  II).  The  essentially  low  correlation 
between  PTS  and  TTS  at  the  individual  level  seem  to 
indicate  that  there  are  different  mechanisms  involved 
(i.e.,  maximum  TTS  appears  one  octave  higher  than  the 
noise  stimulus,  but  maximum  PTS  is  measured  at  the 
center  frequency  of  the  noise,  meaning  that  TTS  is 
induced  in  a different  part  of  the  cochlea  than  PTS).  TTS 
could  be  mainly  due  to  metabolic  depletion  or 
neurotoxicity  (vacuolization  at  the  base  of  the  inner  hair 
cells),  PTS  could  be  the  result  of  structural  modification 
or  destruction  of  hair  cells.  This  distinction  between  the 
metabolic  and  the  mechanical  damages  is  especially 
relevant  to  the  weapon  noises:  acute  acoustic  trauma  and 
PTS  may  occur  following  a single  exposure  to  an 
impulse  (mechanical  origin).  Then,  susceptibility  to  PTS 
should  be  tested  using  methods  which  are  more  directly 
related  to  the  mechanical  origin  of  the  PTS. 
Unfortunately,  this  means  that  any  test  which  is  perfectly 
reversible  (i.e.,  a test  inducing  a TTS  of  metabolic 
origin)  might  not  give  enough  information  about  PTS. 

4.  Discussion 

It  is  also  essential  to  stress  that  the  individual 
susceptibility  to  noise  is  probably  not  the  same  as  a 
function  of  age  and  health  condition  of  the  subjects. 
Somebody  who  is  rated  as  resistant  to  noise  could,  under 
unpredictable  conditions  (having  a cold,  using 
medicaments...),  become  especially  susceptible. 
Therefore,  it  would  be  hazardous  to  rate  once  and  for  all 
the  auditory  susceptibility  of  any  subject. 

Very  recently  a survey  performed  by  Job  et  al.  [27]  on 
1208  young  recruits  showed  that  the  harmful  effect  of 
noise  exposure  (PTS,  tinnitus)  was  strongly  dependent 
on  the  presence  of  repeated  episodes  of  otitis  media  in 
infancy  or  childhood  (even  when  no  sequelae  was 
observable  during  the  otoscopic  examination  at  the  time 
of  the  survey).  This  study  indicates  that  a test  for 
individual  susceptibility  to  NIHL  could  be  looked  for  in 
other  directions  than  the  usual  relationships  between 
TTS  and  PTS. 

Treatment  of  Acute  Noise  Trauma 
1.  Introduction 

In  some  countries  (France,  Germany...)  all  soldiers 
suffering  acute  acoustic  trauma  receive  a medical 
treatment  at  the  hospital.  In  France,  for  the  three  years 
1993,  1994  and  1995,  1,796  soldiers  have  been  treated  in 
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the  ENT  departments  of  the  military  hospitals  (total 
number  of  days  of  hospitalization:  7,974).  In  1996,  966 
cases  of  acoustic  trauma  have  been  reported  and  treated 
at  a medical  cost  of  4 million  dollar.  In  Germany,  the 
cost  of  those  treatments  is  2.5  million  dollar  a year.  In 
other  countries  (United  Kingdom,  USA...),  the  soldiers 
in  the  same  situation  are  not  treated  (they  are  only 
withdrawn  from  hazardous  noise  exposure).  However, 
the  acoustic  trauma  is  responsible  for  many  other 
expenses: 

- in  all  countries,  following  an  acoustic  trauma  the 
soldiers  are  temporarily  retired  from  active  service. 
Then,  if  they  retain  large  permanent  hearing  losses  they 
can  be  definitively  withdrawn  from  front  line  service. 
For  specialized  personnel  large  formation  and  training 
expenses  may  be  definitively  wasted, 

- in  the  past  50  years  or  so,  many  acoustic  trauma  went 
untreated  (the  actual  efficiency  of  the  treatments  is  a 
matter  of  controversy  [28],  see  below).  Therefore,  in  all 
countries  huge  compensations  are  paid  each  year  to  the 
veterans  for  hearing  loss  as  a primary  disability.  In  the 
USA,  291.6  million  dollar  have  been  distributed  in  1999 
to  56,792  veterans  [29].  In  France,  the  annual  cost  of  the 
compensations  for  Noise-Induced-Hearing-Loss  (NIHL) 
is  evaluated  to  60  million  dollar.  In  Belgium,  about  two 
thirds  of  the  6 million  dollar  paid  yearly  to  the  veterans 
for  all  kinds  of  disabilities  correspond  to  NIHL. 
Moreover,  the  acoustic  trauma  represents  the  first  cause 
of  morbidity  in  the  military  during  peace  time! 
Considering: 

- the  important  consequences  of  NIHL  for  the  health  of 
the  soldiers, 

- the  cost  of  the  medical  treatments  of  the  acoustic 
trauma  (in  some  countries), 

- the  huge  operational  and  compensation  costs  induced 
by  NIHL  (in  all  countries), 

it  is  necessary  : (i)  to  know  whether  the  present  medical 
treatments  of  the  acoustic  trauma  are  relevant  and  must 
continue  to  be  prescribed  in  order  to  advice,  or  not,  to 
use  similar  treatments  in  the  other  NATO  countries,  (ii) 
to  determine  the  most  efficient  treatment  (if  any),  (iii)  to 
look  for  new  treatments. 

Given  the  difficulties  to  assess  the  actual  efficiency  of 
the  medical  treatments  of  the  acoustic  trauma  in  man 
(ignorance  of  the  pre-exposure  hearing  condition, 
ignorance  of  the  noise  exposure  parameters,  use  of 
different  treatments,  various  implementation  delays  of 
those  treatments,  difficulties  to  differentiate  between  the 
normal  physiological  recovery  and  the  medical  assisted 
recovery,  impossibility  to  perform  morphological 
observations  of  the  sensory  organ,  ethical  problems 
prohibiting  the  use  of  control  groups...),  the  best 
approach  is  to  use  animal  experimentation.  Animal 
experimentation  allows  to  study  on  a statistical  basis  the 
functional  and  the  morphological  aspects  of  hearing 
recovery  (and  hence  the  efficiency  of  such  or  such 
treatment)  on  treated  and  on  untreated  groups  of  animals 
(controls). 


2.  Hearing  damage  from  noise 

Intense  sound  stimulation  results  in  various  structural 
changes  leading  to  functional  auditory  impairment.  It  is 
well  known  that  intense  sound  exposure  induces  two 
major  types  of  damage  : (i)  injuries  occurring  first  in  the 
first  row  of  outer  hair  cells  (OHC),  then  in  the  inner  hair 
cells  (IHC),  and  subsequently  in  the  second  and  third 
rows  of  OHC  [30],  and  (ii)  massive  destruction  of  the 
dendrites  of  the  primary  auditory  neurons  below  the  IHC 
[31,32,33],  It  has  been  demonstrated  that  after  acoustic 
trauma,  the  acute  hearing  losses  are  due  both  to  hair  cell 
injuries  and  to  dendrite  damage  [34].  Synaptic  repair  can 
occur  in  5 days  [35],  but  most  hair  cell  damage  remains 
which  is  probably  responsible  for  the  long-term 
threshold  shifts.  It  has  also  been  demonstrated  that 
dendrite  damage  could  be  prevented  by  perfusing  a 
glutamate  antagonist  [35],  or  a dopaminergic  agonist 
[34],  into  the  cochlea  during  the  noise  exposure. 
However,  it  is  essential  to  find  curative  drugs  to  treat 
patients  who  underwent  acoustic  trauma  and  to  address 
both  the  hair  cell  injuries  and  the  dendrite  damage. 

3.  Experiment 

The  actual  efficiency  of  the  classical  medical  treatments 
of  the  acoustic  trauma  was  assessed  by  using  a well- 
standardized  animal  study  by  d’Aldin  et  al.  [36].  The 
results  are  related  to  the  effect  of  the  most  widely  used 
medical  treatments.  The  effects  of  acoustic  trauma  are 
evaluated  by  electrocochleography  (Compound  Action 
Potentials  : CAP),  and  by  observation  of  the  anatomical 
alterations  of  the  outer  and  inner  hair  cells  (Scanning 
Electron  Microscopy : SEM). 

Pigmented  guinea  pigs  are  exposed  to  one-third  octave 
band  noise  centered  on  8 kHz  at  1 29  dB  SPL  during  20 
minutes.  Continuous  noise  is  used  despite  the  fact  that 
impulse  noises  represent  the  biggest  hazard  in  the 
military  environment  because  interindividual  variability 
is  smaller  following  exposure  to  continuous  noise  (up  to 
now,  in  that  study  only  a few  animals  have  been  exposed 
to  impulse  noises).  Post-exposure  audiograms  (from  2 to 
32  kHz)  are  performed  20  minutes  and  1,2, 3,7  and  14 
days  later  and  compared  to  the  pre-exposure  audiogram. 
After  the  last  audiogram,  the  cochleas  are  prepared  for 
SEM.  The  organ  of  Corti  is  thoroughly  analyzed  with 
respect  to  damage  to  inner  and  outer  hair  cells. 
Stereocilia  pathology  is  defined  according  to  Borg  [37] : 
destroyed  (a  total  loss  of  the  stereocilia  bundle), 
damaged  (more  than  10%  disarray,  fallen  or  lost 
stereocilia).  Data  are  plotted  as  cochleograms 
representing  the  percentage  of  intact,  damaged  and 
destroyed  hair  cells  every  200  microns  from  2 to  10  mm 
from  the  base  (first  and  then  a half  turn). 

For  each  group  of  animals  (n  = 10),  the  treatment  begins 
1 hour  after  the  end  of  the  sound  exposure  and  lasts  for  5 
days. 

Carbogen  therapy : carbogen  mixture  (7%  carbon 
dioxide  and  93%  oxygen)  is  delivered  at  ambient 
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Hyperbaric  oxygen  therapy  : animals  are  placed  inside  a 
pressure  chamber.  The  chamber  is  pressurized  at  2.5 
ATA  with  100%  oxygen.  The  pressure  is  then  held  for  1 
hour,  twice  a day.  Decompression  lasts  10  minutes 
Corticoid  therapy  : methylprednisolone  hemisuccinate  2, 
20,  40  or  100  mg/kg  is  given  once  a day  by  1M  injection. 
Combined  hyperbaric  oxygen  - corticoid  therapy : 
animals  receive  corticoids  (20  mg/kg)  and  breathe 
hyperbaric  oxygen  (2.5  ATA). 

4.  Results 

Figure  1 represents  the  results  obtained  in  control 
(untreated)  animals  (n  = 10).  On  the  fourteenth  day,  the 
largest  threshold  elevation  (about  20  dB)  is  observed 
between  8 and  13  .4  kHz. 


Figure  1 : CAP  threshold  shifts  in  dB 

(mean  value  + 1 standard  deviation) 

(arrow  shows  exposure  frequency) 

To  compare  the  threshold  shifts  (TS)  and  the  cochlear 
damage,  the  audiograms  and  the  cochleograms  are  scaled 
to  adjust  the  distance  from  the  base  of  the  cochlea  to  the 
frequency.  Three  individual  examples  are  given.  The  first 
example  (figure  2)  shows  significant  TS  and  cochlear 
damage  (particularly  in  the  first  row  of  outer  hair  cells. 
The  second  example  (figure  3)  shows  no  TS  (complete 
recovery)  and  no  morphological  damage.  The  third 
example  (figure  4)  shows  that  despite  complete  TS 
recovery,  significant  morphological  damage  can  be 
observed.  This  indicates  that  CAP  audiograms  are  not 
enough  to  fully  assess  a complete  recovery  (functional 
and  morphological).  Therefore,  in  man,  an  apparently 
complete  functional  recovery,  as  assessed  by  behavioral 
audiometry,  does  not  exclude  the  possibility  of  (limited) 
hair  cell  damage.  Such  damage  could  make  subjects  more 
sensitive  in  case  of  further  noise  exposures  and  more 
susceptible  to  presbyacousis.  Therefore,  complementary 
functional  tests  (i.e.,  distortion  product  recordings  which 
address  directly  the  OHC)  are  advised. 
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Figure  2 : TS  and  damage  to  the  first  row  of  OHC  in  a 
control  animal 


0HC1,  %(T12) 


Figure  3 : TS  and  damage  to  the  first  row  of  OHC  in  a 
control  animal 
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Figure  4 : TS  and  damage  to  the  first  row  of  OHC  in  a 
control  animal 
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Figure  5 shows  the  cochlear  damage  observed  14  days 
after  the  acoustic  trauma  in  control  animals.  The 
stereocilia  of  the  first  OHC  row  are  the  most  sensitive. 
Carbogen  therapy : no  significant  difference  for 

audiograms  can  be  observed  between  the  controls  and 
carbogen-treated  animals  14  days  after  acoustic  trauma 
(figure  6).  The  cochlear  damage  (mean  cochleogram)  is 
not  significantly  different  of  that  observed  in  controls 
(figure  5). 


Figure  6 : TS  in  dB  (mean  + 1 standard  deviation) 

observed  14  days  after  the  acoustic  trauma 
in  controls  and  carbogen-treated  animals 

Oxygen  therapy  (ambient  pressure)  : as  for  the  carbogen 
therapy,  no  significant  difference  is  observed  between 
controls  and  treated  animals  14  days  after  acoustic 
trauma  either  for  audiograms  or  for  cochleograms. 
Hyperbaric  oxygen  therapy  : TS  at  day  14  are  higher  (40 
dB  instead  of  20  dB)  (figure  7)  and  cochlear  damage  is 
greater  than  in  the  control  group  (figure  8). 


Figure  5 : Cochlear  damage  observed  14  days  after 
acoustic  trauma  in  controls 
(mean  of  10  animals) 


Figure  7 : TS  observed  at  day  14  in  controls  and 
hyperbaric  oxygen  treated  animals 
(**  : O.OOKpO.Ol) 
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Figure  8 : Cochlear  damage  observed  14  days 
after  acoustic  trauma  in  hyperbaric 
oxygen  treated  animals 
(mean  of  5 animals) 

Corticoid  therapy  : when  the  animals  are  treated  once  a 
day  (for  5 days)  with  corticoid  doses  of  20  mg/kg,  the  TS 
recovery  is  faster  and  is  improved  : TS  at  day  14  are 
smaller  (10  dB  instead  of  20  dB)  (figure  9).  Moreover, 
the  cochlear  damage  observed  on  the  fourteenth  day  in 
the  treated  animals  is  much  smaller  than  in  the  controls 
and  is  almost  restricted  to  the  first  OHC  row  (figure  10). 


mm  from  the  base 

Figure  10  : Cochlear  damage  observed  14  days 

after  acoustic  trauma  in  corticoid  treated 
animals  (20  mg/kg)  (mean  of  10  animals) 

Dose-Dependent  effect  of  corticoid : similar  results  are 
obtained  when  the  corticoid  dose  is  10  mg/kg  (doses 
larger  than  20  mg  show  no  further  improvement  either  of 
the  TS  recovery  or  of  the  cochlear  damage,  doses  smaller 
than  10  mg  look  ineffective). 

Influence  of  the  delay  of  the  corticoid  treatment : 
usually,  the  soldiers  suffering  acute  acoustic  trauma 
cannot  be  treated  as  early  as  one  hour  after  the  exposure. 


F (kHz) 


Figure  9 : TS  observed  at  day  14  in  controls  and 
corticoid  treated  animals  (20  mg/kg) 

(**:  0.001  <p<0.01) 


F (kHz) 

Figure  1 1 : TS  observed  at  day  14  in  controls  and 
corticoid  treated  animals  (20  mg/kg, 
first  injection  : 24  hours  post  exposure) 


Therefore,  another  group  of  animals  (n  = 10)  received 
the  first  injection  of  corticoids  (20  mg/kg)  24  hours  after 
the  acoustic  trauma  (instead  of  1 hour).  The  results 
which  have  been  obtained  are  very  similar  to  the 
previous  experiment  (figures  1 1 and  12). 
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These  results  are  confirmed  by  a study  of  Lamm  and 
Arnold  [38]  who  observed  that  the  combination  therapy 
of  hyperbaric  oxygen  and  prednisolone  achieved  the  best 
results  of  all  treatments  tested  during  acute  experiments 
(3  hours  post-exposure)  performed  on  guinea  pigs. 
Corticoid  therapy  combined  with  hyperbaric  oxygen 
therapy  seems  to  help  the  hair  cells  to  recover  after  an 
acute  acoustic  trauma.  Without  treatment,  the  hair  cell 
damage  remains  stable  or  worsens  between  the 
immediate  post-exposure  period  and  day  14  (figures  13 
and  14). 
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Figure  12  : Cochlear  damage  observed  14  days 

after  acoustic  trauma  in  corticoid  treated 
animals  (20  mg/kg,  first  injection  : 24  hours 
post  exposure)  (mean  of  10  animals) 

The  corticoid  therapy  is  effective  even  when  the  delay  of 
the  treatment  is  24  hours  post  exposure. 

Combined  hyperbaric  oxygen  - corticoid  therapy : 
combining  these  therapies  significantly  improved  the 
functional  and  morphological  recovery  (figure  13). 
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Figure  13  : Cochlear  damage  observed  1 hour  after 

acoustic  trauma  in  control  animals  (n  = 10) 
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Figure  13  : TS  observed  at  day  14  in  controls  and 
combined  corticoid  (20  mg/kg, 
first  injection  : 1 hour  post  exposure)  - 
hyperbaric  oxygen  treated  animals 
(n  = 5)  (**:  0.001<p<0.01) 


Figure  14  : Cochlear  damage  observed  14  days  after 
acoustic  trauma  in  control  animals  (n  = 10) 
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Acoustic  trauma  from  impulse  noise 
Acute  acoustic  trauma  occurring  in  the  military  are 
mostly  due  to  impulse  noise.  For  impulse  noise,  it  is  very 
likely  that  the  mechanical  damage  is  the  first  and  the 
main  reason  for  NIHL.  Therefore,  it  is  also  necessary  to 
study  the  efficiency  of  the  medical  treatments  following 
impulse  noise  exposures. 

Guinea  pigs  have  been  exposed  to  impulse  noises 
produced  by  primers.  Number  of  rounds  was  20  or  30 
with  5 seconds  intervals.  The  peak  pressure  level  at  the 
pinna  ranged  from  1 to  2.5  KPa  corresponding  to  154  to 
162  dB  peak  (duration  of  the  first  positive  phase:  0.12 
ms).  A control  group  was  compared  to  a treated  group 
with  intra-muscular  injection  of  methylprednisolone  at 
the  rate  of  20  mg/kg;  1 hour  after  the  trauma  and  once  a 
day  during  6 days  after  exposure. 

The  first  results  confirm  the  very  large  interindividual 
variability  of  the  NIHL  due  to  impulse  noise  and  the 
“critical  level”  concept  [38,39],  Control  animals  were 
exposed  to  20  rounds  of  2KPa  peak  pressure.  Some 
animals  present  a very  good  recovery  and  almost  no 
cochlear  damage,  some  others  present  large  TS  at  14 
days  and  complete  destruction  of  OHC  and  IHC.  Treated 
animals  seem  to  recover  better  [40],  However,  many 
more  animals  are  still  to  be  exposed  and  treated  to  know 
whether  the  treatment  is  efficient  or  not. 

5.  Discussion 

Blood  Flow  Promoting  Therapy 

According  to  Lamm  and  Arnold  [41],  the  cochlear 
hypoxia  occurs  simultaneously  with  hearing  loss  after 
exposure  to  impulse  noise,  gun  shots,  and  broadband 
noise.  Conventional  approach  to  treating  tissue  ischemia 
and  hypoxia  is  the  administration  of  blood-flow- 
promoting  drugs  which  affect  vascular  diameter,  vascular 
permeability,  membrane  flexibility  of  red  blood  cells, 
blood  osmolarity,  plasma  volume,  and  plasma  viscosity, 
thereby  improving  microcirculation  and  tissue 
oxygenation. 

One  of  these  agents  is  the  hydrophilic  osmotic  compound 
hydroxyethyl  starch  (HES),  which  is  known  to  increase 
plasma  volume,  thereby  decreasing  plasma  viscosity.  As 
observed  by  Lamm  and  Arnold,  in  the  noise-damaged 
ischemic  cochlea  the  blood-flow-promoting  effect  is 
more  pronounced  and  lasts  longer  after  infusion  of  the 
high  molecular  HES  200  (compared  to  the  low  molecular 
HES  70).  Since  hemodilution  due  to  the  increase  in 
plasma  volume  is  more  pronounced  during  HES  200, 
polarographic  registration  of  P02  does  not  improve.  In 
contrast  the  less  hemodilutive  effect  of  the  low 
molecular  plasma  expander  induces  a significant 
improvement  of  P02,  although  full  compensation  of 
noise-induced  cochlear  hypoxia  is  not  achieved.  As 
compensation  of  noise-induced  cochlear  ischemia,  the 
improvement  of  PL-P02  ceases  after  termination  of  the 
infusion  due  to  the  relatively  short  plasma  expansive 
effect  of  HES  70.  However,  both  drugs  show  similar 
effects  on  auditory  evoked  potentials.  Cochlear 


microphonic  potential  (CM)  is  partially  restored  and 
compound  action  potential  (CAP)  and  auditory  brain 
stem  response  (ABR)  fully  recover.  It  is  assumed,  that 
the  osmotic  effect  of  these  hydrophilic  compounds  may 
contribute  to  restoration  of  disturbed  cellular  osmolarity 
and  thereby  cellular  function.  This  hypothesis  is 
supported  by  the  observation  that  the  vasodilator 
pentoxifylline  (which  has  no  such  osmotic  effect),  fully 
compensated  noise-induced  cochlear  ischemia  and 
hypoxia,  but  had  no  therapeutic  effect  on  NIHL  (Lamm 
and  Arnold)  [41],  Simultaneous  infusion  of 
pentoxifylline  and  HES  70  or  HES  200  does  not  attain 
better  results  than  the  monotherapy  with  HES  70  or  HES 
200. 

Ginkgo  biloba  and  naftidrofuryl  are  supposed  to  improve 
microcirculation,  and  thereby  tissue  oxygenation  due  to 
various  effects  not  clarified  so  far.  In  the  noise-damaged 
cochlea,  however,  blood  flow  and  P02  are  temporarily 
improved  during  ginkgo  infusion,  but  do  not  change  with 
naftidrofuryl.  As  observed  after  infusion  of  isotonic 
saline  (placebo),  noise-induced  reduction  of  CM,  CAP, 
and  ABR  amplitudes  do  not  differ  from  the  untreated 
group,  indicating  that  ginkgo  biloba  and  naftidrofuryl 
had  no  therapeutic  effect. 

Carbogen  is  considered  one  of  the  most  powerful 
vasodilators  of  cerebral  capillary  beds,  and  many  studies 
indicate  that  carbogen  inhalation  during  exposure  to 
noise  results  in  a significant  reduction  in  noise-induced 
hearing  losses  [42].  Brown  et  al.  [43]  also  found 
significantly  less  outer  hair  cell  loss  in  guinea  pigs  given 
carbogen  during  a 120-dB  broad-band  noise  exposure 
compared  to  a control  group.  It  is  assumed  that  the  C02, 
in  carbogen  acts  synergistically  with  oxygen  in  carbogen 
to  produce  increased  oxygenation  of  cochlear  tissues  and 
to  reduce  cochlear  damage.  However,  as  previously 
reported  by  Hatch  et  al.  [44],  d’Aldin  et  al.  [36]  observed 
no  significant  difference  between  the  carbogen-treated 
animals  after  the  noise  exposure  and  the  control  group. 
Therefore,  carbogen  could  have  a protective  effect,  but 
with  much  less  curative  efficiency. 

Isoharic  Oxygen  Therapy 

The  idea  that  inhalation  of  pure  oxygen  could  be  used  as 
a medical  treatment  for  acoustic  trauma  is  based  on 
experimental  studies  which  have  shown  that  high- 
intensity  noise  causes  cochlear  hypoxia,  which  correlates 
with  post-exposure  hearing  loss  (Lamm  and  Arnold) 
[45],  These  authors  reported  that  cochlear  hypoxia 
reflects  an  increased  extraction  rate  from  cochlear  fluids. 
In  another  study,  however,  they  showed  that  noise- 
induced  cochlear  hypoxia  is  not  compensated  by  oxygen 
delivered  at  an  ambient  pressure  level  [46],  Improvement 
in  threshold  shifts  is  reported  only  when  pure  oxygen  is 
given  during  noise  exposure  [44],  Accordingly,  the 
effectiveness  of  oxygen  delivered  at  the  ambient  pressure 
level  after  intense  noise  exposure  is  not  shown  in  the 
study  of  d’Aldin  et  al.  [36]. 

Hyperbaric  Oxygen  Therapy 

The  aim  of  hyperbaric  oxygen  (HBO)  administration  is 
to  significantly  improve  partial  oxygen  pressure  in 


5-9 


inhaled  air.  Oxygen  is  diffused  from  the  various  terminal 
cochlear  capillary  networks  into  the  perilymph  and 
cortilymph,  supplying  the  sensory  and  peripheral 
neuronal  structures  of  the  inner  ear,  since  these  are  not 
directly  vascularly  supplied.  These  diffusion  paths  are 
extremely  long  com-pared  with  noncochlear  tissues.  In 
this  respect,  the  P02  in  the  perilymph  and  cortilymph 
will  only  show  a constant  rise  after  an  extreme  increase 
in  the  arterial  P02  and  thereby  of  the  arterial- 
perilymphatic  difference  in  oxygen  concentration.  This 
can  only  be  achieved  with  HBO  (with  isobaric 
oxygenation,  this  difference  in  oxygen  concentration  is 
not  high  enough  to  show  a clear  and  constant  increase  in 
intracochlear).  The  oxygen-induced  reduction  in  cochlear 
blood  flow  in  the  noise-exposed  ischemic  cochlea  is 
more  pronounced  after  hyperbaric  oxygenation  compared 
to  isobaric  oxygenation.  However,  sixty  minutes  after 
termination  of  HBO,  the  cochlear  blood  flow  is  not 
significantly  worse  than  in  the  untreated  group  Sustained 
compensation  of  noise-induced  cochlear  hypoxia  is 
achieved  most  effectively  by  HBO.  However,  Lamm  and 
Arnold  [41]  observed  that  an  improvement  in  cochlear 
blood  flow  is  not  necessarily  associated  with 
improvement  of  auditory  function.. 

At  2 ATA  hyperbaric  oxygen,  the  amount  of  oxygen  and 
blood-dissolved  oxygen  fraction  available  are  multiplied 
by  10.  In  the  study  of  d’Aldin  et  al.  [36],  no 
improvement  in  threshold  shifts  can  be  observed, 
however,  under  those  hyperbaric  conditions.  On  the 
contrary,  either  at  2.5  or  1.5  ATA,  hyperbaric  oxygen 
treatment  results  in  a higher  threshold  shift  and 
additional  hair  cell  damage. 

Thus,  oxygen  administration  is  not  decisive  for  medical 
treatment  of  acoustic  trauma.  Moreover,  the  higher 
threshold  shift  and  additional  hair  cell  damage  observed 
in  the  d’Aldin’ s study,  together  with  the  fact  that  this 
treatment  induces  barotrauma  in  up  to  50%  of  the  human 
patients,  suggest  that  hyperbaric  oxygen  should  not  be 
used  -alone  - as  an  acute  treatment. 

Antiphlogistic  Therapy 

According  to  Lamm  and  Arnold  [41],  the  rationale  for 
administration  of  anti-inflammatory  agents  in  noise- 
induced  cochlear  alterations  is  based  on  the  observation 
that  inflammatory  tissue  alterations  are  not  only  elicited 
by  bacterial,  viral,  or  other  immunopathological 
processes,  but  also  by  physically  induced  cellular 
damage,  tissue  hypoxia,  and  tissue  ischemia  [47], 

In  non-cochlear  mechanically  induced  and/or  hypoxic 
tissue  an  abnormal  histamine  liberation  and/or  release  of 
eicosanoids  such  as  prostaglandine,  prostacyclin, 
thromboxanes,  and  leucotriens  has  been  observed  [47]. 
This  results  in  various  vascular  effects,  such  as  local 
arteriolar  and  capillary  dilation  and/or  constriction  and 
increased  vascular  permeability,  all  of  which  were  also 
observed  in  sections  of  noise-damaged  cochlear  tissue.  In 
this  respect,  an  abnormal  liberation  of  histamine  and/or 
eicosanoids  may  be  involved  in  the  development  of 
progressive  cochlear  ischemia  beginning  30  min  after 
termination  of  noise.  It  is  assumed  therefore,  that  anti- 


inflammatory drugs  such  as  histamine  HI -receptor 
antagonist,  diclofenac  sodium,  and  the  synthetic 
glucocorticoid  prednisolone  (which  counteract  abnormal 
histamine  liberation  and/or  release  of  eicosanoids),  can 
relieve  posttraumatic  cochlear  ischemia  and  the 
progression  of  noise-induced  cochlear  hypoxia. 
However,  this  is  not  the  case  at  all. 

In  a recent  study,  Lamm  and  Arnold  showed  that 
prednisolone  induces  a significant  decay  in  partial 
oxygen  pressure  in  the  perilymph  as  well  in  animals 
unexposed  as  in  animals  exposed  to  noise.  These  results 
indicate  that  corticoid  induces  oxygen  consumption.  In 
the  short  term  (up  to  3 hours  post-exposure)  study  of 
Lamm  and  Arnold  [41],  there  were  no  significant 
differences  in  the  values  for  cochlear  blood  flow  between 
the  noise-exposed  untreated  group,  the  placebo-treated 
group  and  the  groups  treated  with  histamine  N1 -receptor 
antagonists  diclofenac  sodium,  and  prednisolone, 
administered  either  at  a low  or  high  dose.  However,  even 
though  none  of  the  applied  drugs  relieved  progressive 
noise-induced  cochlear  hypoxia  and  post-traumatic 
ischemia,  it  is  interesting  to  note  that  diclofenac  induced 
partial  restoration  of  CM  and  CAP  amplitudes  and  full 
restoration  of  ABR.  Following  a high  dose  of 
prednisolone,  there  was  again  only  a partial  recovery  of 
CM,  but  full  restoration  of  CAP  and  ABR.  A low 
prednisolone  dose  affected  CAP  only,  while  the 
histamine  HI -receptor  antagonist  and  isotonic  saline  had 
no  therapeutic  effect  [41]. 

These  findings  indicate  direct  cellular  effects  of 
diclofenac  and  prednisolone  in  the  cochlea.  However,  the 
precise  mechanisms  involved  is  mere  speculation.  Some 
of  the  cellular  effects  may  contribute  to  related 
intracochlear  early  recovery  processes  associated  with 
restoration  of  auditory  function.  In  addition, 
prednisolone  binds  with  equal  affinity  to  both 
glucocorticoid  and  mineralo-corticoid  receptors,  the 
latter  of  which  is  very  evident  in  peripheral  auditory 
nerves  and  spiral  ganglion  cells.  Binding  by 
mineralocorticoid  receptors  results  (among  other  effects) 
in  an  activation  of  the  enzyme  sodium-potassium- 
ATPase,  which  may  contribute  to  restoration  of  disturbed 
cellular  osmolarity,  electro-chemical  gradients,  and 
neuronal  conduction.  At  this  point  we  have  to  remind 
that  dAldin  et  al.  [34]  and  Puel  et  al.  [35]  demonstrated 
that  dendritic  damage  at  the  base  of  inner  hair  cells,  the 
latter  representing  the  site  of  CAP  generation,  accounts 
for  half  the  contribution  to  acute  hearing  loss  after 
acoustic  trauma  (especially  in  case  of  continuous  noise 
exposure). 

In  the  long  term  study  of  d’Aldin  et  al.  [36],  when  the 
first  injection  of  corticoid  is  given  1 h or  24  hours  after 
exposure  to  noise,  noise-induced  threshold  shift  is 
decreased,  recovery  is  faster,  and  less  hair  cell  damage  is 
observed  (noise-induced  hearing  loss  observed  one  day 
after  corticoid  administration:  25  dB,  is  almost 
equivalent  to  that  observed  14  days  after  exposure  in 
untreated  animals:  20  dB).  Thus,  it  seems  that  corticoid 
acts  both  at  the  dendritic  and  the  cellular  level.  D’Aldin 
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et  al.  agree  with  the  hypothesis  of  Lamm  and  Arnold:  the 
activation  of  the  enzyme  Na,  K-ATPase  by  corticoid  may 
contribute  to  the  restoration  of  disturbed  cellular 
osmolarity,  electrochemical  gradients,  and  neuronal 
conduction,  (indeed  this  enzyme  is  widely  distributed  in 
the  cochlea,  including  the  base  of  the  outer  and  inner  hair 
cells). 

Even  though  the  exact  mechanism  by  which  corticoids 
influence  the  inner  ear  function  in  those  studies  remains 
speculative,  corticoid  should  be  prescribed  in  treatment 
of  acoustic  trauma. 

Combined  Hyperbaric  Oxygen-Corticoid  Therapy 
Corticoids  induce  oxygen  consumption  in  order  to 
mobilize  amino  acid  for  glucogenesis  and  to  alter 
glucose  utilization  by  oxygen-consuming  mechanisms 
[48].  This  oxygen  consumption  could  explain  the  decline 
of  partial  oxygen  pressure  in  the  perilymph,  observed  in 
animals  exposed  to  sound  and  treated  by  corticoids  by 
Lamm  and  Arnold  [47],  Moreover,  acoustic 
overstimulation  induces  cochlear  hypoxia  which  occurs 
simultaneously  with  hearing  loss  (this  hypoxia  reflects  an 
increased  oxygen  consumption  and  hence  increased 
extraction  from  cochlear  fluids). 

Thus,  it  looks  interesting  to  combine  corticoid  and 
hyperbaric  oxygen  treatment.  Improving  partial  oxygen 
pressure  in  inhaled  air  could  compensate  for  the  decline 
in  partial  oxygen  pressure  and  thus  potentiate  corticoid 
effect.  In  agreement  with  this  hypothesis,  the  results  of 
d’Aldin  et  al.  [36]  indicate  that  combined  corticoid  and 
hyperbaric  therapies  significantly  improve  functional 
and,  in  a very  striking  way,  morphological  recovery. 
These  results  are  in  accord  with  those  reported  by  Lamm 
et  al.,  [41,47]  in  which  hyperbaric  oxygen  combined  with 
prednisolone  gave  best  results. 

These  findings  indicate  first  that  effective  treatment 
modalities  of  acute  noise-induced  hearing  loss  are 
available,  and  second  that  the  therapeutic  effects  are  not 
directly  associated  with  blood-flow  promotion  and  re- 
oxygenation, but  involve  other  effects  on  the  cellular 
level. 

6.  Perspective 

A lot  remains  to  be  done  to  investigate  the  interest  of 
other  drugs  (magnesium  [49]...),  the  influence  of  the 
delay  of  implementation  of  the  treatments  and,  most  of 
all,  to  assess  the  actual  efficiency  of  the  treatments  of  the 
acute  acoustic  trauma  following  the  exposure  to  impulse 
noise. 

Moreover,  experiments  are  in  progress: 

- to  assess  the  interest  of  local  treatments  (i.e.,  the 
medicaments  are  applied  directly  to  the  inner  ear  [50]) 
which  could  be  used  together  with  the  systemic 
treatments  (i.e.,  the  medicaments  are  given  by  perfusion 
to  the  whole  body),  or  alone, 

- to  evaluate  the  interest  of  new  treatments  [51,52,53] 
which  take  advantage  of  the  last  advances  in  molecular 
biology  (anti-oxydants,  neurotransmitters  agonists  or 
antagonists,  growth  factors...)  and  could,  besides  cell 


preservation  [54]  and  NIHL  better  recovery,  lead  to  a 
decrease  of  the  annoyance  due  to  noise  exposure  related 
effects  like  tinnitus. 

The  increasing  knowledge  of  molecular  mechanisms, 
together  with  the  development  of  new  experimental 
approaches,  is  very  promising  for  future  clinical 
applications.  Future  progress  will  require  that  a method 
be  developed  and  validated  for  the  local  application  of 
drugs  directly  into  the  cochlea  of  human  subjects. 
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